Photosynthetic organisms convert absorbed sunlight to electron flow with remarkable near-unity quantum efficiency 1, 2 . This is achieved by transporting absorbed energy through a network of light-harvesting pigment-protein complexes, the antenna, to reach the reaction center 3, 4 . In the reaction center, the excitation energy initiates an electron transfer chain to drive downstream biochemistry 2 . Notably, higher plants regulate the energy transport process so that the amount of excitation energy does not exceed the capacity of the reaction center [5] [6] [7] [8] . This regulation, known as non-photochemical quenching (NPQ), protects the reaction center by preventing a build-up of absorbed energy, which would in turn generate deleterious photoproducts 9, 10 . One component of NPQ is the dissipation of excess energy during periods of intense sunlight. Although the antenna complexes are the site of dissipation, which antenna complex and what is the molecular mechanism of dissipation remain under debate 5, 6, 11 .
In plants and green algae, the primary antenna complex is light-harvesting complex II (LHCII), which binds over 50% of terrestrial chlorophyll 12 . LHCII plays a key role in light harvesting, as it is responsible for most of initial absorption and energy transfer events. Other antenna complexes, known as the minor complexes, may play a role in dissipation (quenching) 13 . However, LHCII has been observed to quench energy 14, 15 , and, because of its ubiquity, serves as relatively well-characterized system to study quenching within light harvesting complexes.
LHCII is a trimeric complex, where each monomer contains fourteen chlorophyll, eight Chl-a and six Chl-b, and four carotenoids, two luteins (Lut), one neoxanthin (Neo) and substoichiometric amounts of zeaxanthin (Zea) or violaxanthin (Vio), surrounded by a protein matrix 12, 16 15 , which could lead to dissipation via the carotenoid. A third proposal involves Neo and its neighboring Chl-b. In this proposal, the Neo gets pushed towards the Chl-b to give rise to a quenching site 24, 25 . Finally, quenching charge transfer states have also been proposed, where oligomerization or conformational changes lead to the formation of quenching Chl-Chl charge transfer states 21, 26, 27 . Which and how many of these different sites and mechanisms is responsible for biologically relevant quenching remains controversial.
One challenge to characterizing the photophysics of these complexes arises from their sensitivity to molecular configuration. The excited-state energies and dynamics are tuned by pigment-pigment and pigment-protein electrodynamic interactions, and so are exquisitely sensitive to changes in the molecular configuration of the complex 28 . As a result, conformational changes produce significantly altered photophysics [28] [29] [30] [31] [32] [33] in Fig. 1 ) 43 , and we define these as "levels". All the photons from each level are used to extract an excited state lifetime (green lines in Fig. 1 ). Several levels are typically observed for a time of many seconds before a single molecule photobleaches or leaves the trap. Intensity and lifetime exhibit concomitant, and primarily positively correlated, changes (left, right). However, sometimes small changes in lifetime are accompanied by a large change in intensity (right, starred). Additionally, periods of stability are observed (center). Despite a lower count rate than many other light harvesting complexes 29, 31, 44 , the dynamics of single LHCII complexes can be explored through the relatively long emission times with single complexes continuing to emit for times on the order of 10 s, due to impressive photostability, or a low photobleaching quantum yield 45 .
By observing large numbers of these dynamical changes (typically thousands of events), we build up statistics to characterize the behavior. By pooling each period of constant intensity and its accompanying lifetime for approximately a thousand single complexes, we construct a data set of correlated measurements each of which can be thought of as a point in intensity-lifetime space. Because a scatter plot of these points can be hard to visualize, a kernel density estimation is applied to this data set to determine the probability distribution in intensity-lifetime space. The resulting probability distribution of intensity levels in intensity-lifetime space is shown in Fig. 2A , with the number of intensity levels contributing written in the upper left corner.
From the correlations between intensity and lifetime, three different clusters are visible. These clusters are labeled as I, II, and III ( Fig. 2A ) and for convenience we will now refer to them as "states" of the system, which can be characterized to a resolution defined by the limitations of our measurement. Under high light conditions, dissipation processes are triggered by an accumulation of protons in the lumen. The resulting pH drop induces the xanthophyll cycle (the enzymatic conversion of Vio to Zea) and protonation of the lumen residues of the proteins 5, 6 . The short-time, energy-dependent component of NPQ is known as qE. To explore the molecular mechanism behind qE, we characterize how the behaviors of individual LHCII complexes change in response to pH and Zea enrichment. Overall, the relative population of state II increases with conditions mimicking high light, where the largest relative population in state II is observed in Zea-enriched LHCII at pH 5.5 (Fig. 2D) . This shows that, with respect to state II population, the Zeaxathin and pH effects are additive. In these measurements, the relative population of state III appears to increase slightly with a pH drop as well.
As the intensity-lifetime traces directly follow the transitions from state to state, we quantify the connectivity between the three states by determining the order of magnitude of the rate of transitions between states, defined as the number of transitions from state i to state j divided by the total time in state i. do not arise from a permanent degradation process, as observed in Fig. 1 , upper right.
The most likely molecular mechanism behind the three states of LHCII is three different structural conformations, as small conformational changes can have a significant effect on the excited state energies and dynamics 46 . These states correspond unchanged. Instead, the probability of quenching the excitation energy could increase at a site before the emissive state, assuming the site is disconnected from the emissive state.
Zea most likely binds to one of the Lut sites, Lut 1 12, 47 . Therefore, we suggest the quenching in state II could arise from a conformation where the Chl-b that neighbors the Lut 1 site, Chl-b 608, couples more strongly to the Zea. The S 1 states of carotenoids exhibit rapid non-radiative decay, thus increasing the probability of quenching the excitation through mixed Chl-car states or energy transfer to the carotenoid 48 . For the intensity decrease observed, energy would transfer to the carotenoid with a rate competitive with the transfer to the Chl-a band (femto to picoseconds), which is reasonable given the short distances and resulting strong electrodynamic coupling between the pigments 12 . Another process that could quench the Chl-b is through the formation of a charge transfer state, either in Chl-Chl or Chl-car dimer. Charge transfer states have been observed previously in LHCII, and correlated with quenching 21, 49 .
However, quenching of the Chl-b also requires energy would not be able to transfer back to the Chl-b from the emissive site. This would require that the Chl-b involved in the quenching site be more disconnected from the Chl-a than in the crystal structure conformation. Other potential mechanisms are an increased contribution from a triplet state and a conformational change that alters both the intrinsic radiative rate and the amount of quenching at the emissive state. We discuss these possibilities in detail in the Supporting Information.
The results presented here suggest that part of the role of high light conditions is to change the equilibrium populations, giving rise to increased populations of quenched LHCII as shown in Fig. 2 . The equilibrium populations of these three states are reasonably independent of excitation intensity. The intensity-lifetime plots at ~300 nJ/cm 2 and ~900 nJ/cm 2 are displayed in the supporting information (Fig. S2) . Notably, this is in contrast to the dramatic dependence of distinct emissive states on excitation intensity observed for other photosynthetic light harvesting complexes 29, 44, 50 . Similarly to previously observed spectral dynamics of single LHCII complexes, 19, 20 this indicates that the system appears to control the equilibrium between conformations via changes in the near environment, as opposed to conformational changes triggered directly through light intensity.
Finally, the most likely molecular mechanism of the switch between states I and III is a conformational switch at the emissive site. Upon switching between states I and III, fluorescence intensity and lifetime changed in a directly proportional manner. This could be a partial conformational motion towards the fully off state observed previously 31, 51 . Based on the direct proportionality, State III arises from increased quenching on the emissive state. The lowest energy states are localized on a trimer of Chl-a, Chl-a 610, 611, and 612 36, [52] [53] [54] . This trimer neighbors the Lut 1 binding site 12 , which is one of the previously proposed quenching sites 14 . These pigments are shown in Fig. 3C . In this work, in addition to the dominant state, we have simultaneously observed two quenched states in LHCII, the primary light-harvesting complex in green plants. By performing correlated measurements of fluorescence intensity, lifetime and spectra on single LHCII complexes, we are able to characterize these intrinsic states, and their interconversions, which would be inseparable in an ensemble measurement. The two quenched states may correspond to two molecular sites that quench excess energy, a mechanism that resolves some seemingly contradictory proposals of quenching sites.
Furthermore, the relative population of one of the quenched states increases under high light conditions, indicating the surrounding environment acts directly on LHCII to control the conformation. Thus, we were able to observe both quenching and conformational dynamics. Overall, these results serve to reveal the complexity of the multi-protein and multi-timescale process by which plants flourish under multiple light intensities.
Experimental Methods
Sample Preparation. Purified LHCII complexes from wild type and the NPQ2 strain 55 of
A. Thaliana were prepared as described previously 47, 56 . The Zea-enriched LHCII trimers were isolated from the NPQ2 strain, which lacks zeaxanthin epoxidase (the enzyme that converts Zea back to Vio). Table S1 contains a pigment composition chart for both samples. The stock solution of 4 M WT-LHCII and 2.5 M NPQ2-LHCII were kept at −80 °C and thawed before experiments. The sample was diluted to a concentration of ~10 pM in 20 mM HEPES buffer with 0.075 wt% n-Dodecyl -D-maltoside. 25% glycerol was added in the solution. An enzymatic oxygen-scavenging system was added to the buffer for a final concentration of 2.5 mM of protocatechuic acid and 50 nM protocatechuate-3,4-dioxygenase 57 . The pH was adjusted using KOH/HCl, and sample integrity was confirmed with ensemble fluorescence lifetime, fluorescence spectra, and linear absorption measurements.
Fused silica ABEL trap microfluidic cells with 700-nm cell depth were used, which achieves confinement in the z-direction. They were prepared as described previously 29, 44 . The internal surface of the cell was coated with two to four pairs of layers of the polyelectrolytes polyethyleneimine and polyacrylic acid, terminating in polyacrylic acid, to prevent adsorption 44 .
Excitation and Detection Optics. A pulsed excitation source centered at 650 nm with a peak excitation fluence of ~900 nJ/cm 2 to not alter the fluorescence spectrum or intensity for solubilized complexes 21, 44 .
Supporting Information: This material is available free of charge via the Internet at
